Abstract The aromatic and medicinal properties of Ocimum basilicum L. (sweet basil) are related to the unique essential oil chemistry in different cultivars. This study describes efficient micropropagation and in vitro flowering protocols from shoot tips and reveals information on seed germination capability, glandular trichomes ultrastructure, and essential oil content and composition at different plant developmental stages from micropropagated O. basilicum 'Sweet Thai', chemotype methyl chavicol. Shoot tips from 2-mo-old aseptic seedlings were induced to proliferate shoots on Murashige and Skoog (MS) medium supplemented with 6-benzyl-aminopurine (BAP) and gibberellic acid (GA 3 ) either alone or in combination with α-naphthaleneacetic acid (NAA). Maximum shoot formation was achieved in MS medium supplemented with 1.0 mg L −1 BAP. The micropropagated plants were successfully acclimatized ex vitro with an 80% survival rate. All of the micropropagated plants flowered in vitro on MS medium supplemented with 1.0 mg L −1 GA 3 . Relative to the mother plant, in vitro plants flowered at a younger stage of plant development but showed a lack of seed formation, fewer fully filled peltate glandular trichomes, lower essential oil content, and higher methyl chavicol content. Ex vitro plants flowered at an intermediate stage of plant development and formed seed with nearly the same seed germinability, essential oil content, and methyl chavicol content as the mother plant.
Introduction
Ocimum basilicum L. (sweet basil) belongs to the family Lamiaceae and is a multipurpose herb characterized by its rich and aromatic essential oil content. This genus is primarily grown in warm temperate and tropical regions in Asia, Africa, and Central and South America as a culinary herb and an attractive, fragrant ornamental (Simon et al. 1999; Carović-Stanko et al. 2010) . The aromatic leaves, flowers, and seeds are added to foods and beverages for flavor; extracted as active ingredient for use in perfumes, soaps, cosmetics, and dental products; and are included in traditional herbal medicines to treat fevers, headaches, kidney problems, gum ulcers, childbirths, rheumatoid arthritis, and menstrual irregularities (The Herb Society of America 2003). Besides these traditional medical uses, recent scientific studies have demonstrated potent antioxidant (Jayasinghe et al. 2003) , antiviral (Chiang et al. 2005) , and anti-proliferative activities (Manosroi et al. 2006) of compounds in O. basilicum essential oil and leaf extracts.
O. basilicum essential oil is a mixture of numerous compounds, mainly methyl chavicol (estragole), linalool, 1,8-cineole (eucalyptol), eugenol, and methyl cinnamate (Wesołowska et al. 2012; Said-Al Ahl et al. 2015) . These compounds possess several biological activities. For example, methyl chavicol has antispasmodic (Coelho-de-Souza et al. 1997) , antimicrobial (Friedman et al. 2002) , and local anesthetic properties (Silva-Alves et al. 2013) , linalool has antiinflammatory properties (Peana et al. 2002) , 1,8-cineole has vasorelaxant properties (Lahlou et al. 2002) , and eugenol has antioxidant properties (Ogata et al. 2000) . However, the composition of essential oil varies depending on the cultivar, and the taxonomy is complicated by the existence of chemotypes or chemical races that do not differ significantly in morphology (Simon et al. 1990; Carović-Stanko et al. 2010) . Lawrence (1988) classified four major chemotypes: methyl chavicol-rich, linalool-rich, methyl eugenol-rich, and methyl cinnamate-rich. The developmental stage of the plant also influences the yield and composition of O. basilicum essential oil (Deschamps and Simon 2010; Verma et al. 2012) .
Micropropagation provides an effective means of rapid propagation and large-scale production of uniform plants of selected cultivars while maintaining their genotypes (Arikat et al. 2004) . The micropropagated plants may serve as efficient plant models to study the accumulation of volatile compounds at different developmental stages. In vitro flowering can be a useful tool to study the flowering process, to accelerate breeding programs, and to optimize the commercial production of specific compounds from floral organs (Zeng et al. 2013) . The application of tissue culture for the production of secondary metabolites is beneficial, as this method enables rapid production of secondary metabolites because of rapid growth of cultures in vitro, year-round production of secondary metabolites irrespective of seasonal and climatic conditions, and avoidance of collecting endangered wild species (Pierik 1987; Arikat et al. 2004) .
Several authors have reported on the micropropagation and in vitro flowering of O. basilicum (Begum et al. 2002; Sudhakaran and Sivasankari 2002) . However, the plant growth regulator (PGR) requirements for shoot proliferation and in vitro flowering vary in different cultivars and chemotypes. Studies about seed quality derived from the flowers of micropropagated O. basilicum have not yet been documented. Ultrastructural and chemical information regarding essential oil content and composition from micropropagated O. basilicum is also very limited. Therefore, the goal of this study was to identify the PGR or combination of PGRs that would best support induction of shoot proliferation and in vitro flowering from shoot tips of O. basilicum 'Sweet Thai', chemotype methyl chavicol, and to assess seed germinability, glandular trichomes ultrastructure, and essential oil content and composition at different developmental stages. This information may facilitate mass production of plants containing high essential oil content and uniform levels of constituent compounds.
Materials and Methods
Plant materials and culture conditions O. basilicum L. 'Sweet Thai', chemotype methyl chavicol, was used as the reference mother plant. Its morphological and aromatic characteristics were as follows: herb; compact; purple, square stems; green, narrowly ovate, gland-dotted leaves; purple spikes; white with purple tinge, bilabiate with a lower lip and a four-lobed upper lip, funnel-shaped flowers; black, ovoid, mucilaginous when wet seeds; and sweet, anise-like, slightly spicy aroma (Paton 1992; Simon et al. 1999; Raghavan 2006) . Seeds were collected from a single mother plant in a village garden in Perak, Malaysia. The seeds were washed three times with distilled water, each time for 5 min, and then surface sterilized with 70% Clorox® (5.25% sodium hypochlorite, The Clorox Company, Oakland, CA) plus 0.1% Tween-20, again with 40% Clorox® (The Clorox Company), and then with 20% Clorox® (The Clorox Company), each time for 6 min, and then rinsed with sterile distilled water. The seeds were then treated with 70% ethanol for 1 min and rinsed five times with sterile distilled water. The sterilization procedures were conducted in a Microflow laminar flow cabinet (MDH Ltd., Andover, Hampshire, England). Finally, the surface sterilized seeds were placed aseptically on 45 mL MS medium (Murashige and Skoog 1962 ; Duchefa Biochemie B.V., Haarlem, The Netherlands) containing 3% sucrose (Duchefa Biochemie B.V.) and 0.8% agar technical (Oxoid Ltd., Basingstoke, Hampshire, England), at pH 5.8, which was autoclaved at 121°C and 103.8 kPa for 20 min. The seeds were germinated in 200-mL glass jars with plastic caps (Megalab Supplies, Petaling Jaya, Malaysia) and incubated in a growth chamber maintained at 25 ± 2°C under a 16-h photoperiod with an irradiance of 50 μmol m −2 s −1 provided by Philips Lifemax TL-D 18 W cool daylight fluorescent tubes (Royal Philips, Amsterdam, The Netherlands). The aseptic seedlings were used as source of explants 2 mo after germination.
Shoot proliferation Shoot tips approximately 0.7 cm in length were excised from healthy, 2-mo-old seedlings and cultured vertically in sterile 60-mL PS specimen containers (Labchem Sdn. Bhd., Petaling Jaya, Malaysia) containing 15 mL MS medium supplemented with PGRs: 6-benzylaminopurine (BAP; Sigma-Aldrich® Co., St. Louis, MO) and gibberellic acid (GA 3 ; Sigma-Aldrich® Co.) at a concentration of 0.5, 1.0, 1.5, or 2.0 mg L −1 either alone or in combination with α-naphthaleneacetic acid (NAA; SigmaAldrich® Co.) at a concentration of 0.5 or 1.0 mg L −1
. BAP and NAA were sterilized by autoclaving, while GA 3 was sterilized by membrane filtration using Acrodisc® syringe filter with 0.2 μm Supor® membrane (Pall Corp., Ann Arbor, MI). PGR-free MS medium was used as a control. All cultures were incubated in a growth chamber using the same culture conditions as described above. Subculturing to fresh medium was performed at 60-d intervals. The experimental design was a randomized complete block (RCBD) with two replicates of 15 explants each. The percentage of explants showing shoot proliferation, number of shoots per explant, and shoot lengths was determined after 8 wk of culture.
In vitro rooting, acclimatization, and ex vitro flowering Thirty micropropagated shoots, 3.5 to 4.0 cm in length and with four or more leaves, were excised individually and transferred from the proliferation medium to the rooting medium containing 45 mL half-strength MS medium without PGR in 300-mL glass jars with plastic caps (Megalab Supplies). All cultures were incubated in a growth chamber using the same culture conditions as described above. The percentage of shoots showing root formation and root lengths was evaluated after 4 wk.
After 6 wk of culture on rooting medium, 30 healthy plantlets with well-developed roots were removed from the rooting medium and the roots were washed gently under running tap water to remove agar. The plantlets were transferred to plastic pots containing moistened vermiculite and covered with transparent polyethylene bags to maintain high humidity (80% to 90% relative humidity). Holes were made in the bags over time to allow gaseous exchange with environment. The plantlets were incubated in a growth chamber maintained at continuous 25 ± 2°C under a 16-h photoperiod with an irradiance of 50 μmol m Seed germination test Mature seeds were placed on a layer of cotton wool, moistened with tap water in a Petri dish. All cultures were incubated in a dark chamber at 25 ± 2°C. The percentage of seeds that germinated was determined after 21 d from a minimum of 100 seeds, chosen randomly from five plants each for in vitro, ex vitro, and in vivo plants. The in vivo seeds served as control.
Glandular trichomes ultrastructural investigation
The upper lip of corollas during anthesis and the third pair of leaves (5 mm × 5 mm) from three 3-mo-old plants each for in vitro and in vivo plants were fixed in 3% glutaraldehyde in Sorenson's phosphate buffer, pH 7 (Bozzola 2007) , for 1 h at room temperature, post-fixed in 4% aqueous osmium tetroxide overnight at 5°C, and dehydrated through an ethanol series (from 10% to 100% ethanol) and an ethanol-acetone series (from 3:1 to 1:1 ethanol/acetone v/v, then to 100% acetone). Each step had a duration of 15 min. The samples were then critical-point dried with carbon dioxide, mounted on stubs, and dried overnight in a vacuum desiccator before being coated with gold. The prepared samples were viewed in a scanning electron microscope (SEM) using JEOL JSM-7001F SEM (JEOL Ltd., Tokyo, Japan), focusing on the glandular trichomes on the adaxial and abaxial surfaces of the corollas and leaves. Five replicates (observation areas) of 1 mm 2 per sample of three were chosen randomly to evaluate the glandular trichomes ultrastructure for each plant type.
Analysis of essential oil composition Essential oils were extracted from 150 g of fresh leaves, collected from a minimum of 20 plants each for in vitro, ex vitro, and in vivo plants, by a 4-h hydrodistillation using a Clevenger type apparatus with heat provided by a Favorit heating mantle (PLT Scientific Sdn. Bhd., Puchong, Malaysia). The oils obtained were weighed, and the yields were expressed relative to the dry mass of leaves. The oil extracts were stored in glass vials at −20°C until analysis.
Gas chromatography-mass spectrometry (GC-MS) analysis of essential oil was performed using a Shimadzu GC-2010 coupled with a Shimadzu GCMS-QP 2010 Plus (Shimadzu Corp., Kyoto, Japan) equipped with a flame ionization detector (FID). One microliter of sample containing 5% essential oil in hexane was injected into a gas chromatograph equipped with DB-5MS capillary column (30 m × 250 μm, film thickness 0.25 μm) using helium as the carrier gas, with a flow rate of 1 mL min −1 , injector temperature of 250°C, and a split injection ratio of 10:1. The oven temperature was initially 40°C for 2 min, with temperature increasing at a rate of 3°C min −1 until it reached 140°C for 2 min, after which the rate of temperature increase was 10°C min −1 until it reached 250°C, where the temperature was held for 5 min. The Kovats retention indices of compounds of the essential oils were determined based on the alkane series C 6 -C 23 . Identification of individual compounds was carried out by comparing their mass spectra with the mass spectra in NIST Mass Spectral Library (2008) and by the means of their retention indices, compared with those in the literature (Adams 2007; Wesołowska et al. 2012; Nurzyńska-Wierdak et al. 2013) . Data were given as percent mass for each compound. In vitro micropropagated plants were assessed after 20 wk of culture, ex vitro plants were assessed 18 wk after transfer from culture medium to soil, and in vivo plants (mature mother plants) were evaluated under natural growing conditions. Statistical analysis Data were analyzed using independentsamples Student's t test for two-group samples or one-way analysis of variance (ANOVA) with confidence intervals calculated via Duncan's multiple range test (DMRT) for more than two-group samples at P = 0.05, using IBM SPSS statistics version 22 software (IBM Corp., Armonk, NY). Results were presented as mean ± standard error (SE).
Results
Shoot proliferation Shoot tips cultured on PGR-free MS medium regenerated complete plantlets with no axillary shoot formation, even after 8 wk of culture. On MS medium supplemented with different PGRs, shoot tips showed initial bud break within 10 to 12 d of culture (Fig. 1a) , and later shoots formed from the axillary buds and apical buds (Fig. 1b) . The number of shoots formed averaged between two and five shoots per explant, depending on the concentration and combination of PGRs used. Out of various media tested, MS medium supplemented with 1.0 mg L −1 BAP was found to be the best for shoot formation, producing 100% shoot proliferation with 5.00 ± 0.28 shoots per explant averaging 1.42 ± 0.11 cm in length after 8 wk of culture (Table 1) . Further increase in BAP concentration reduced the number of shoots per explant and resulted in stunted growth, but the differences were not significant. BAP combined with NAA also reduced the number of shoots per explant compared to BAP alone, as their combination induced callusing. For BAP and NAA combinations, when the concentration of NAA was increased from 0.5 to 1.0 mg L −1
, the number of shoots per explant decreased. Increasing the concentration of BAP to NAA from 0.5 to 2.0 mg L −1 minimized the reduction in the number of shoots through suppressed callusing, thus enhancing the proliferation percentage and number of shoots per explant. GA 3 , especially at 1.5 mg L −1 , stimulated shoot elongation up to 2.73 ± 0.24 cm after 8 wk of culture. However, its effect on shoot proliferation was small, with an average of only two shoots per explant.
In vitro rooting, acclimatization, and ex vitro flowering Individual regenerated shoots showed 100% rooting with a root length of 4.21 ± 0.29 cm after 4 wk of culture on the rooting medium containing half-strength MS medium. The plantlets had good rooting systems for transplantation after 6 wk. Rooted plantlets were successfully hardened after 8 wk of growth in vermiculite (Fig. 1c) and subsequently established in a field under ex vitro condition (Fig. 1d) . Eighty percent of plants survived after 18 wk of acclimatization obtaining a mean height of 25.43 ± 2.59 cm. The ex vitro plants were similar in morphology to the in vivo plants. After about 24 wk of acclimatization, normal flowers developed from the ex vitro plants (Fig. 1e) . The ex vitro flowers were similar in morphology to the normal in vivo flowers.
In vitro flowering and morphological analysis of flowers In setup I, in vitro flowering was induced from shoot tip explants. Flower buds were initiated (Fig. 1f) , and later full bloom flowers formed from the developing shoots on the flower induction medium (Fig. 1g) . Of the different media tested, the maximum percentage of in vitro flowering occurred in MS medium supplemented with 1.0 mg L −1 GA 3 : 40% of explants had normal flowers before the 20th wk of culture (Table 2) . Normal flowers bloomed starting from the 6th wk of culture on the flower induction medium. The flowers were white and tinged with purple, and they were carried in spikes with six flowers per whorl. The in vitro flowers exhibited similar morphology compared to the ex vitro and in vivo flowers (Fig. 1h,  i) . A single flower lasted for about 1 to 2 wk in vitro. However, when treated with GA 3 , 10 to 13% of the flowers were abnormal and premature, emerging as early as the 2nd wk of culture (Fig. 1j) . These flowers lacked stamens and pistils and sometimes lacked purple pigmentation. These abnormalities were temporary and the plants produced normal flowers from the 6th through the 20th wk. The shoot tips cultured on PGR-free MS medium also developed flowers spontaneously, but the percentage of explants with normal flowers in this medium was lower than the GA 3 -supplemented MS medium. BAP alone and in combination with NAA, at all concentrations tested, was ineffective for inducing in vitro flowering. Seed germination test No seed was formed on in vitro plants, but seeds were obtained from ex vitro and in vivo plants. Each ex vitro and in vivo flower produced four seeds per calyx and were visually similar. The seeds formed ex vitro and in vivo showed equivalent rates of germination, 62.26% and 62.50%, respectively (Table 3 and Fig. 1k ).
Glandular trichomes ultrastructural investigation
Ultrastructural SEM observations showed two types of glandular trichomes on the upper lip of the corollas and leaves: capitate glands and peltate glands. Capitate glands were composed of a base, a stalk, and a single or two-celled head, while peltate glands were composed of a base, a stalk, and a fourcelled head (Fig. 2a ).
There were similarities and differences in the structure and distribution of glandular trichomes on the in vitro and in vivo plants. On the upper lip of corollas, in vitro plants bore glandular trichomes on the abaxial surface only, but the in vivo plants bore glandular trichomes on the adaxial and abaxial surfaces. On the adaxial surface, the glandular trichomes were scattered in the center of corollas, while on the abaxial surface, the glandular trichomes were concentrated at the tip of corollas near the corolla lobes. Most of the glandular trichomes on the in vitro flowers appeared creased and wrinkled (Fig. 2b) .
For leaves, both the in vitro and in vivo plants bore glandular trichomes, scattered over the adaxial and abaxial surfaces. Except for fewer capitate glands on the adaxial surface of in vivo leaves, there was no other significant difference in the number of peltate and capitate glands per leaf area between the leaves of in vitro and in vivo plants (Table 3) . However, the leaves from the in vitro plants contained fewer peltate glands with fully filled oil sacs compared to the in vivo plants (Fig. 2c, d) . The fully filled oil sacs appeared distended and smooth, while the partially filled oil sacs appeared creased and wrinkled. Analysis of essential oil composition The highest essential oil content, 4.50%, was found in the leaves of the in vivo plants. The essential oil content of the in vitro plants (1.99%) was lower than the in vivo plants, but after 18 wk of ex vitro acclimatization, it increased to 2.38% (Table 4) .
Thirty main compounds were identified in the essential oils of O. basilicum leaves (Table 4) . Methyl chavicol was the dominant compound in in vitro, ex vitro, and in vivo plants, although the relative quantity differed. The amount of methyl chavicol in the in vitro plants (93.71%) initially was higher than in the in vivo plants (66.29%) but dropped to 60.07% after 18 wk of ex vitro acclimatization. Besides methyl chavicol, methyl eugenol (1.64%), trans-β-ocimene (0.75%), and β-caryophyllene (0.60%) were found to present in high amounts in the in vitro plants, while trans-β-ocimene (8.26-12.83%), 1,8-cineole (3.83-7.04%), and camphor (2.69-3.61%) were found in both the ex vitro and in vivo plants. Values followed by the same letter within columns are not significantly different at P = 0.05 as determined by DMRT 
Discussion
In the present study, shoot tips of O. basilicum from 2-mo-old aseptic seedlings were used as explants for micropropagation. Shoot tips cultured on PGR-free MS medium were unable to develop axillary shoots as the medium did not provide enough PGR for the shoot tips to break apical dominance. Thimann and Skoog (1934) demonstrated that the inhibition of axillary bud development was caused by auxin diffusing out of the apical bud where it was produced, causing the axillary buds to remain dormant. Application of specific exogenous PGRs, such as cytokinin, could break the apical dominance by counteracting the effect of endogenous auxin, thus inducing axillary bud development (Sachs and Thimann 1967) . Several authors have reported the stimulating effect of cytokinins, either alone or in combination with other PGRs, on axillary bud development from shoot tips of various species, including Eurycoma longifolia (Hussein et al. 2005) , Exacum travancoricum (Janarthanam and Sumathi 2010) , and
Vernonia cinerea (Maharajan et al. 2010) . The results of the present study, which showed maximum shoot formation on MS medium supplemented with 1.0 mg L −1 BAP, were in agreement with these reports. The concentration of cytokinin influenced the number of shoots that were formed. In the present study, using BAP alone, the number of shoots per explant increased with an increase of BAP concentration up to 1.0 mg L −1
. Further increase in BAP concentration reduced the number of shoots per explant. Begum et al. (2002) and Siddique and Anis (2008) obtained similar results in O. basilicum from shoot tip and nodal explants. Shoot number reduction might be caused by the toxicity of BAP at higher concentrations. Narayanaswamy (1977) and Asghari et al. (2012) reported that excess PGRs were toxic and might lead to genetic, physiological, and morphological changes, resulting in a reduction of the proliferation rate in vitro. The present study found that BAP alone was more effective than BAP and NAA in combination for inducing axillary bud development, as the addition of auxin to BAP The present study showed that GA 3 stimulated increased shoot length in O. basilicum. A role for GA 3 in shoot elongation has been reported in other plant species like Pinto bean (Phaseolus vulgaris, Marth et al. 1956 ), Lens culinaris Medik (Naeem et al. 2004) , and Asparagus officinalis (Saharan 2010) . However, GA 3 was not normally used for shoot multiplication. Sahoo et al. (1997) reported that GA 3 alone, regardless of concentration, was unsuitable for shoot proliferation in O. basilicum as it yielded inferior shooting responses. Naeem et al. (2004) also reported a lack of branching in L. culinaris Medik plants treated with GA 3 .
PGR requirements for in vitro flowering are variable depending on the plant species. Bacopa chamaedryoides (Haque (Rathore et al. 2013) , and Rosa hybrida cv. Fairy Dance (Zeng et al. 2013 ) required a combination of BAP and auxins to induce maximum in vitro flowering. The results of the present study, however, showed that BAP alone and in combination with NAA was ineffective for the induction of in vitro flowering from the shoot tip explants. Similar results were reported by Sudhakaran and Sivasankari (2002) , although they induced in vitro flowering using a combination of BAP and IAA. The poor in vitro flowering observed may have been at least partially due to competition and/or nutritional deficiencies in the plant, perhaps induced by BAP, which promoted vegetative growth (Sivanesan and Jeong 2007) .
In the present experiment, the maximum percentage of explants with in vitro flowers was obtained on MS medium supplemented with 1.0 mg L −1 GA 3 , suggesting that GA 3
was essential for the induction of in vitro flowering. Tang (2000) , Ranasinghe et al. (2006), and Vásquez-Collantes et al. (2014) independently reported the stimulatory effect of GA 3 on in vitro flowering from regenerated plantlets of Panax ginseng, Gerbera jamesonii Adlam, and Drosera capillaris. GA 3 also promoted early flowering and flower quality in acclimatized Phalaenopsis orchid (Cardoso et al. 2012) . On the other hand, Franklin et al. (2000) reported that GA 3 alone had no effect on flower bud induction in Pisum sativum but when combined with IBA and NAA, a higher number of in vitro flowers was produced. Gibberellin (GA) has been implicated in the control of flowering. GA accelerates flowering through degradation of DELLA proteins that, when they bind to miR156-targeted SQUAMOSA PROMOTER BINDING-LIKE (SPL) transcription factors, interfere with SPL transcriptional activity and consequently delay flowering (Yu et al. 2012) . O. basilicum also flowered on PGR-free MS medium, similar to Cucumis sativus (Kielkowska and Havey 2012) , but the percentage of in vitro flowering on PGR-free MS medium was lower than on GA 3 -supplemented MS medium. The present study showed that, when induced on GA 3 -supplemented MS medium, micropropagated shoots produced a higher percentage of in vitro flowering compared to the shoot tips. The different percentages of in vitro flowering obtained from explants of different heights and ages cultured on the same medium probably trace to a different physiological status or stage of the explants (Zeng et al. 2013) , whereby the micropropagated shoots were taller and more mature than the shoot tips for transition from the vegetative to reproductive stage via GA 3 induction.
The occurrence of abnormal in vitro flowering in response to PGR treatments has been reported. Zeng et al. (2013) observed many abnormalities among in vitro flowers of R. hybrida cv. Fairy Dance, especially in TDZ-supplemented MS medium, such as stems and leaves developing into flowers, flower bud forming on flowers, flower forming on other flowers, and flowers with fewer petals than normal and without stamens and pistils. In Dendrobium Sonia 17 (Tee et al. 2008) , in vitro flowers induced by BAP were smaller compared to in vivo flowers, with some flowers showing malformations including incomplete floral structures and variation in shape, color, and arrangement. In the present study, normal in vitro flowers exhibited complete floral structures with shapes, sizes, and colors similar to the in vivo flowers. However, some flowers that were induced prematurely on GA 3 -supplemented MS medium showed temporary abnormalities: smaller size, a lack of stamens and pistils, and white color without purple pigmentation. Such abnormalities suggest that different conditions might be required for the induction and development of normal flowers (Tee et al. 2008) . In the present study, for example, increasing the length and age of the explants used as the micropropagated shoots produced a higher percentage of normal in vitro flowering than the shoot tips.
No seed formation was observed on micropropagated plants in vitro, consistent with observations of Gentiana triflora Pall. var. axillariflora (Zhang and Leung 2000) . However, the micropropagated plants later formed seeds under ex vitro conditions that were similar in morphology and germinability to in vivo seeds. The absence of seeds from the in vitro plants could be caused by the lack of effective pollination or viable pollen due to limited nutrients supplied by the flower induction medium during pollen maturation (Jayaprakash and Sarla 2001) .
Capitate and peltate glandular trichomes were found on the surface of leaves and flower petals. The function of these trichomes depends on their structure and position. Ultrastructural observations suggest that the large, spherical head structure of glandular trichomes located on the surface on both sides of leaves and at the tips of the abaxial surface of corollas probably plays a role in the secretion of essential oil or compounds to protect against predators and extreme environments, or to attract pollinators, as proposed by Werker (2000) . Ioannidis et al. (2002) demonstrated a positive correlation between the number and volume of glandular trichomes per leaf area and total oil content, supporting the idea that glandular trichomes contributed to the essential oil production in O. basilicum.
The present study revealed that in vitro and in vivo leaves of the same age and position had similar numbers of capitate glands and peltate glands per leaf area on the adaxial and abaxial surfaces except for fewer capitate glands on the adaxial surface of in vivo leaves. However, peltate glands on in vitro leaves had more partially filled oil sacs, as indicated by their creased and wrinkled folds, compared to the in vivo leaves which had more fully filled oil sacs. Gang et al. (2001) reported that the partially filled peltate glands of O. basilicum, which appeared wrinkled and creased, were the characteristic of immature glands, which normally became expanded on maturity as the oil sacs filled. Consequently, the creased and wrinkled folds of the peltate glands on the in vitro leaves might be indicative of their immaturity, so little essential oil was produced, leaving the oil sacs partially filled.
Essential oil at a level of 4.50% was extracted from in vivo leaves. This was higher than levels reported for 15 varieties of O. basilicum from Brazil and the USA (Vieira and Simon 2006) , which ranged from 0.58% to 1.68%. While linalool was found as the dominant compound in three studied O. basilicum varieties in Poland (Wesołowska et al. 2012) , the present study found methyl chavicol as the dominant compound. These conflicting results show that variability of essential oil content and composition in different populations of the same plant species can be attributed to varied agroclimatic conditions of the regions (Wesołowska et al. 2012) , resulting in chemotypic variations within the species. A chemotype designation usually occurs because the plant is grown in a different area of the world or a distinct climate that alters the chemistry of the plant.
In the present study, in vitro plants initially had lower essential oil content (1.99%) than in vivo plants (4.50%), but the level increased to 2.38% after 18 wk of acclimatization under ex vitro conditions. In contrast, methyl chavicol content in in vitro plants (93.71%) initially was higher than in in vivo plants (66.29%), and the amount decreased to 60.07% after 18 wk of ex vitro acclimatization. Similarly, Verma et al. (2012) obtained the highest yield of essential oil at full bloom stage. The lower essential oil content of the in vitro plants compared to the ex vitro and in vivo plants could be a result of the younger developmental stage of the in vitro plants, which lacked fully developed glandular trichomes. Peltate glandular trichomes of the in vitro leaves in the present study seemed to be partially filled, resulted in reduced essential oil content.
The higher amount of methyl chavicol in the essential oil of the in vitro plants versus that of the ex vitro and in vivo plants indicated that methyl chavicol may be actively synthesized at the younger stage of development of the regenerated plants. Deschamps and Simon (2010) revealed that O. basilicum essential oil content and composition depended on plant developmental stage, whereby the accumulation of methyl chavicol decreased as leaves matured a result of the decreasing chavicol O-methyltransferase (CVOMT) transcript expression levels with leaf age. It was also noted that ex vitro plants showed an intermediate level of essential oil content between the in vitro and in vivo plants and a similar methyl chavicol content as the in vivo plants. This indicated that ex vitro plants were positioned at an intermediate stage of plant development, ready for the transition from the younger in vitro stage towards maturity, and had nearly the same essential oil content and methyl chavicol content as the more mature in vivo plants.
In conclusion, efficient protocols for micropropagation and in vitro flowering of O. basilicum from shoot tip explants were developed. The results suggested that BAP at a concentration of 1.0 mg L −1 was important for inducing shoot proliferation, while GA 3 at concentration of 1.0 mg L −1 was important for inducing in vitro flowering. Ultrastructural study showed that in vitro leaves and in vitro flowers could produce essential oil because of peltate glandular trichomes on their surfaces. Although the micropropagated plants under in vitro conditions showed some differences, such as flowers without seed formation, fewer fully filled peltate glandular trichomes, lower essential oil content, and higher methyl chavicol content compared to the in vivo mother plants, after they were acclimatized to ex vitro conditions, the micropropagated plants eventually displayed similar leaf and flower morphology, seed germinability, and methyl chavicol content as the in vivo mother plants.
